A new esterase isozyme locus, Est10 , with 6 alleles including the null form, has been found in rice by using polyacrylamide gel electrophoresis. Thirty F 2 populations of all possible combinations between 5 different band morphs were studied. The segregation pattern indicated that bands 1, 2, 3, 4, and the null form (0) were allelic with each other. The alleles of Est10 were distributed at different frequencies among different varietal groups of rice and also between cultivated rice and its wild relatives ( Oryza rufipogon Griff.). Alleles 1 and 2 were frequently found in Japonica and Indica types, respectively. Allele 3 showed a high frequency in Aus and Boro, both Indica types cultivated in South Asia. Allele 4 was frequent in wild rice O. rufipogon . Judging from the linkage between Est10 and RFLP marker RG220 and isozyme marker Est5 , Est10 is located on chromosome 1. The importance of this locus in evolutionary studies of rice is discussed.
INTRODUCTION
Asian rice cultivars ( Oryza sativa L.) are divided into 2 major variety groups, Indica and Japonica (Kato et al. 1928 , Terao and Mizushima 1942 , Oka 1988 ). However, various classification systems have been adopted in different countries. The Chinese people have recognized the 2 types of rice called Hsien (Indica) and Keng (Japonica) since ancient times. Aman, Aus, and Boro, which are used in Bengal, are 3 Indica ecotypes corresponding to the different cropping seasons (Watt 1892) . Tijre, Bulu, and Gundil traditionally have been used in Indonesia and are considered to correspond to Indica and 2 races of tropical Japonica (Siwi and Harahap 1978) .
Isozymes have been widely applied in various fields of rice research, such as varietal classification and evolutionary studies (Nakagahra et al. 1975 , Nakagahra 1977 , Second 1982 , 1985 , Glaszmann 1987 , Cai et al. 1992 . So far, 76 alleles at 24 loci have been detected by using starch gel electrophoresis , and 6 loci were also detected by using other electrophoresis systems (Morishima and Glaszmann 1990) . Using polyacrylamide gel electrophoresis, we found a new esterase locus, Est10 , with 6 alleles including a null form. In our preliminary study, we found that these alleles are distributed at different frequencies among different varietal groups or ecotypes of rice and also between cultivated and wild rice species (Cai et al., 1992) . In this paper, we report our genetic studies on the Est10 locus, focusing on (1) genetic analysis, (2) differential distribution of alleles among different varietal groups, and (3) its chromosomal location. The importance of this locus in evolutionary studies of rice is discussed.
MATERIALS AND METHODS
Plant materials A total of 563 accessions of local cultivars of O. sativa and their wild progenitor, O. rufipogon , originating from various Asian countries were used to survey the variation in esterase isozymes. In addition, 1186 individuals of O. rufipogon collected in various Edited by Yoshio Sano regions of China were surveyed. F 2 offspring of 30 crosses between cultivars carrying different band morphs of Est10 were studied for genetic analysis. In addition, 3 F 2 populations were analyzed with respect to restriction fragment length polymorphism (RFLP) and isozyme to determine the chromosome location of Est10 . All the rice accessions were obtained from the International Rice Germplasm Center, Philippines, and from genetic stocks preserved at the Rice Genetics Laboratory of China Agricultural University.
Isozyme analysis
One seed from each accession was hulled, soaked in distilled water for about 12 h at 37 ° C, and then ground with 0.2 mL of extraction buffer (0.065 M Tris, 0.01 M citric acid, 0.2 ml 10% glycerin, pH 8.0) on ice. After centrifugation for 5 min at 1000 g the supernatant was recovered. The sample size used for electrophoresis was 70-80 µ L.
Vertical discontinuous polyacrylamide gel electrophoresis with a plate size of 20 cm × 20 cm was used in this study. A Tris-citric acid gel buffer system (0.128 M Tris, 0.003 M citric acid) was used, and the acrylamide concentrations (and pH values) in the stacking and running gel sections were 4% (pH 6.8) and 8.5% (pH 8.9), respectively. The electrophoresis buffer consisted of 0.017 M Tris and 0.008 M glycine (pH 9.2). Electrophoresis conditions were as follows: 200 V for 30 min followed by 300 V for 3 h, temperature of 4 ° C. The gels were stained by 0.1% αnaphthyl acetate, 0.1% β -naphthyl acetate and 0.1% Fast blue RR salt according to the method described by Glaszmann et al. (1988) except that 0.1 M phosphoric acid buffer was used as the staining buffer. RFLP analysis and map construction DNA isolation, restriction enzyme digestion, Southern blotting, and hybridization were carried out according to McCouch et al. (1988) and Xu et al. (1994) . Construction of an RFLP linkage map and computation of recombination values were done with Mapmaker version 2.0 (Lander et al. 1987 ) on a Macintosh.
RESULTS

Gene analysis
In our preliminary study, polyacrylamide gel electrophoresis of rice esterase isozymes revealed more than 19 bands (Cai et al. 1992 ). Among them, 5 slowly migrating bands appeared to be controlled by 5 alleles (designated 1-5) in the Est10 locus ( Fig. 1) .
To confirm the allelic relationships of those bands in the Est10 locus, 30 F 2 populations of all possible combinations between plants homozygous for the 4 active alleles and the 1 null allele were studied. The segregation pattern (Table 1) indicated that alleles 1, 2, 3, 4, and the null allele were allelic with one another. Alleles 2, 3, and 4 were codominant, and alleles 1 and 3 were codominant. But alleles 2 and 4 were dominant over allele 1. All of alleles 1-4 were dominant over the null form. The dominance relationships observed among the 4 active alleles were difficult to explain by common behavior of enzyme structure. Significant segregation distortions were observed in the 8 crosses indicated by asterisks in the table, as is generally found for crosses between distantly related rice varieties (Xu et .al. 1997) .
Allelic variation at Est-10 in cultivated and wild rice strains A gene-frequency survey by Est10 demonstrated that alleles are differentially distributed among different varietal groups of O. sativa and its wild relatives. As shown in Table 2 , 5 alleles of Est10 showed different frequencies in 13 ecotypes or groups and O. rufipogon . Alleles 1 and 2 were frequently found in Japonica (and Keng) and Indica (and Hsien), respectively. Allele 3 showed a high frequency in Aus and Boro. Allele 4 was frequent in wild rice O. rufipogon . In cultivated rice, allele 4 was very rare, appearing only in certain varietal groups such as deepwater rice in Bangladesh (Aman) and late-heading Japonica in Guangxi Province, China. The null allele was found in some Indicas from Bengal (Aus, Boro) and in Japonicas from Indonesia (Bulu). The null allele was also found in most cultivated African rice O. glaberrima (data not shown).
To examine allele distributions in Chinese common wild rice accessions ( O. rufipogon ), 1186 individuals collected in various regions of China were analyzed. Samples were grouped into central (Dongxiang, Hunan) and southern (Guangdong, Guangxi, Fujian) China. Some samples in Guangxi were found growing adjacent to a rice field and are listed separately as Guangxi 2 (Table  3) . Allele 4 was the predominant type in the samples that were collected in areas well isolated from cultivated rice fields. Allele 2 was predominant in the Guangxi 2 samples; it was most probably introgressed from the Indica cultivars growing nearby. The rare allele 5 was also found in Chinese wild rice, but at very low frequency.
Chromosome location A linkage map consisting of 130 RFLPs and other markers was constructed by using a double haploid (DH) population derived from the cross ZYQ8/JX17 (Xu et al. 1994) , and the Est10 locus was mapped on chromosome 1 at a distance of 2.7 cM from RG220 in this DH mapping population. An F 2 population (TKM9 x Akihikari) consisting of 114 individuals was analyzed to verify the location of Est10 . Three RFLP probes on chromosome 1 were screened and probe/restriction enzyme combinations of RG220/ Xba I, RG197/ Sca I, and RZ527/ Dra I revealed polymorphism between the 2 parents, TKM9 and Akihikari. The data obtained with these 3 RFLP probes and Est10 using the same F 2 individuals were analyzed with Mapmaker, while the Est10 data of each F 2 individuals were based on a pooled sample consisting of 12 seeds of each selfed F 2 . The result showed that Est10 was linked to RG220 and RG197 with genetic distances of 13.1 cM and 39.0 cM, respectively. The order of the 3 markers was RG197-RG220-Est10 .
Two other F 2 populations were examined further to determine the linkage of Est10 with another esterase isozyme locus, Est5 , which is also located on chromosome 1 (Wu et al. 1988) . Est10 was found to be closely linked to Est5 ; the distance between them was 4.6 cM in a cross of IR36 x Aus41 (100 individuals) and 6.3 cM in a cross of RJQ x Aus41 (115 individuals). The location of Est10 on chromosome 1 was thus confirmed, although the order of RG220, Est5 , and Est10 was not determined.
DISCUSSION
Many isozyme loci are diagnostic of the Indica and Japonica types in rice, including Cat1 , Acp1 , and Amp2 (Morishima and Glaszmann 1990) . Allelic variation at the Est10 locus was effective in distinguishing not only Indica from Japonica but also useful for distinguishing some Aus or Boro ecotypes which are subtypes of Indica found in southern Asia, including India, Bangladesh and Pakistan. Glaszmann (1987) identified 6 varietal groups by using 15 polymorphic isozyme loci coding for 8 enzymes. Using the same varieties, we found that Glaszmann's groups I, II, and VI mostly carry the Est10 2 , Est10 3 , and Est10 1 alleles, respectively, but groups IV and V mostly carry Est10 4 (our unpublished data). Our results of classification of Asian rice cultivars into Japonica and Indica based on allelic variation at locus Est10 agreed well with the results based on Cheng's method (1993) , which uses an index combining 6 characters and showed comparative results with Glaszmann's isozyme groups (Zhou et al. 1988 ).
On the other hand, no isozyme locus is yet known that is diagnostic for distinguishing wild and cultivated types of rice. Pox1 2 is found only in the perennial type of wild rice, but the annual type has the allele Pox1 1 , which is also carried by cultivars. Therefore Pox1 is diagnostic for perennial vs. annual types of wild rice, but not for wild versus cultivated rice (Morishima 1991) . In contrast, both perennial and annual wild rice types carry allele 4 at Est10, which is rarely carried by cultivars. As far as we know now, Est10 is the only locus that can effectively discriminate cultivated from wild rice. Further, allele 4 (or 5, when present) is mostly found in truly wild rice, that is, the O. rufipogon strains that have no introgressed cultivated rice gene. The strains of O. rufipogon that carry alleles other than 4 or 5 (Table 3 ) most probably acquired them by introgression from the cultivars growing nearby. Thus, the allelic frequency of Est10 in a wild population serves as an indicator reflecting the degree of introgression from cultivars. Interestingly, genes for characteristics related to domestication, such as panicle shape (spreading panicle) and QTL for seed shedding and anther length, are located near Est10 on chromosome 1 (Cai and Morishima 2002) . Thus, the chromosomal region marked by Est10 may have played an important role in domestication of and varietal differentiation in rice. Bentolila et al. (1992) reported that a total of 11 marker pairs showed different intergenetic distances in DH and F 2 populations derived from the same parent. In our study, the genetic distance between Est10 and the RFLP marker RG220 (13.1 cM) differed substantially from the distance previously reported by Xu et al. (1994) (2.7cM), the reason of this difference is unknown.
In this study, we found Est10 locus was closely linked with another esterase isozyme locus, Est5. In cultivated rice, Est5 is very monomorphic. The common allele Est5 1 is found in combination with all alleles of Est10, but rare alleles of Est5 are associated with rare alleles of Est10, as Est5 2 /Est10 4 or Est5 3 /Est10 3 . These genotypes were found only in the local varieties of particular areas of southern Asia, such as in deepwater rice. This may be due to a 'founder effect' during local selection and breeding of rice varieties (Mayer 1942) .
